Saccharides have a central role in the nutrition of all living organisms. Whereas several saccharide uptake systems are shared between the different phylogenetic kingdoms, the phosphoenolpyruvate-dependent phosphotransferase system exists almost exclusively in bacteria. This multi-component system includes an integral membrane protein EIIC that transports saccharides and assists in their phosphorylation. Here we present the crystal structure of an EIIC from Bacillus cereus that transports diacetylchitobiose. The EIIC is a homodimer, with an expansive interface formed between the amino-terminal halves of the two protomers. The carboxy-terminal half of each protomer has a large binding pocket that contains a diacetylchitobiose, which is occluded from both sides of the membrane with its site of phosphorylation near the conserved His 250 and Glu 334 residues. The structure shows the architecture of this important class of transporters, identifies the determinants of substrate binding and phosphorylation, and provides a framework for understanding the mechanism of sugar translocation.
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Bacterial phosphoenolpyruvate-dependent phosphotransferase systems (PTSs) 1 transport saccharides across the cell membrane and phosphorylate them before their release into the cytosol [2] [3] [4] [5] [6] [7] . Phosphorylation of the incoming saccharide primes it for subsequent utilization as a nutrient in cellular metabolism and also prevents its efflux. Although the system can transport a cognate sugar by slow facilitated diffusion in vitro in the absence of phosphorylation, phosphorylation greatly speeds up the overall rate of sugar uptake 2, 3 , allows concentration of intracellular substrate relative to the environment, and is necessary for growth of the host bacteria when the PTS sugar is provided as the sole carbon source. Unlike the primary ABC-type transporters that hydrolyse ATP 8, 9 or the secondary transporters that harness a sodium or proton gradient [10] [11] [12] to drive transport, PTSs therefore use covalent modification of their substrate during transport to ensure its unidirectional flux.
PTSs are composed of three components: enzyme I (EI), the heatstable phosphocarrier protein (HPr) and enzyme II (EII). Both EI and HPr are general energy-coupling proteins and are not sugar specific, whereas EII is sugar specific and is itself a protein complex composed of the cytosolic EIIA and EIIB proteins and the integral membrane protein EIIC. In certain EIIs, EIIA or EIIB or both are translated with EIIC as a single polypeptide chain. Bacteria often possess several different types of EIIs that are induced by the presence of their substrate 13, 14 . The phosphate group originates from phosphoenolpyruvate, and is transferred sequentially to EI, HPr, EIIA, EIIB and eventually to the incoming sugar substrate bound to EIIC, the component responsible for translocating the sugar 2, 3 . Of the four EIIC superfamilies, the largest is the Glc family, which has subfamilies each specialized in transporting glucose, several bglucosides, mannitol, fructose, or lactose 6, 15 . All Glc family EIICs have an almost universally conserved glutamate residue ( Supplementary   Fig. 1 ) essential for substrate transport and phosphorylation 16, 17 . This conserved glutamate is located within a conserved motif, which was first identified as GITEP in the glucose-and b-glucoside-specific EIICs 2, 6 . To understand further the mechanism of sugar selectivity, translocation and phosphorylation, we initiated structural studies on a group of EIICs that are members of the lactose subfamily of the Glc superfamily. These members have an orthologue in Escherichia coli, ChbC, which was shown to transport N,N9-diacetylchitobiose ((GlcNAc) 2 ), a b-1,4-linked N-acetylglucosamine disaccharide 18, 19 . We crystallized and solved the structure of a ChbC homologue from Bacillus cereus ( Supplementary  Fig. 1 ).
Functional characterization
The B. cereus chbC gene was heterologously expressed in E. coli and the resulting protein purified to homogeneity ( Supplementary Fig. 2a ). The molecular weight of detergent-solubilized ChbC was estimated at approximately 100 kDa by combining size-exclusion chromatography with light scattering and refractive index measurements. As the molecular weight of an individual protomer is ,47 kDa, detergent-solubilized ChbC is therefore a homodimer. This dimer is stable and monodispersed in a number of detergents, but partially dissociates in shorter-chain detergents such as octylmaltoside ( Supplementary  Fig. 2b-e) . These results are consistent with earlier reports of a dimeric assembly for EIICs from other members of the Glc superfamily [20] [21] [22] [23] [24] and indicate that the purified ChbC retains its native quaternary assembly in long-chain detergents.
We reconstituted purified B. cereus ChbC into proteoliposomes and measured its ability to transport sugars by monitoring uptake of 14 Clabelled N-acetylglucosamine (GlcNAc), which is the monosaccharide that is condensed to form (GlcNAc) 2 . Addition of resulted in a time-dependent accumulation of the radiotracer within the lumen of the proteoliposomes that stabilized after ,15 min (Fig. 1a) , consistent with a facilitated diffusion process that dissipates the initial concentration gradient of the radiotracer. Control liposomes lacking ChbC showed little accumulation even after 30 min. Further experiments showed that 14 C-GlcNAc uptake was significantly inhibited in the presence of non-labelled GlcNAc or (GlcNAc) 2 , whereas the same concentration of glucose had no significant effect (Fig. 1b) . This experiment indicates that the reconstituted ChbC is capable of translocating a sugar, and that it is selective for GlcNAc and (GlcNAc) 2 over glucose.
Structure determination
After extensive refinement of crystallization conditions, a data set was collected on a crystal grown in the presence of 4 mM (GlcNAc) 2 . The crystal had P4 3 2 1 2 symmetry and diffracted to 3.3 Å (Supplementary Table 1 ). Initial phases were estimated from a Ta 6 Br 12 derivative diffracting to 4.5 Å , and the phases were gradually extended to the native data set (Methods and Supplementary Fig. 3 ). There are four ChbC protomers in the asymmetric unit, and the building and refinement of an accurate atomic model were aided by the use of fourfold non-crystallographic symmetry (NCS) restraints, which were maintained throughout the refinement until the last few rounds (Methods). The final models of all four protomers in the asymmetric unit contain the full-length ChbC except for two residues at the N terminus that are not resolved. In addition, each chain contains one (GlcNAc) 2 and two nonylmaltosides (NM) that were used to solubilize ChbC. One of the NM molecules is only partially resolved.
Tertiary and quaternary structure of ChbC
Each ChbC protomer contains 10 transmembrane helical regions (TM1-10), including one (TM8) that is tilted at a roughly 45u angle to the membrane norm and is split into two short hydrophobic helices joined by a hydrophilic loop ( Fig. 1c and Supplementary Fig. 4 ). It also contains two re-entrant hairpin-like structures (HP1 and HP2) with opposite orientations in the membrane, and two horizontal amphipathic a-helices (AH1 and AH2). AH1 and AH2 probably lie along the inner and outer boundaries of the hydrophobic core of the lipid bilayer, which is marked in Fig. 1d and e. To the best of our knowledge, ChbC has a novel fold.
The protein is a homodimer and the two protomers are oriented parallel in the membrane, related by a two-fold axis perpendicular to the membrane (Fig. 1d , e and Supplementary Fig. 5 ). Both the N and C termini probably reside on the cytoplasmic side ( Supplementary Fig. 4 ) 
ARTICLE RESEARCH
as inferred from the 'positive-inside' rule 25 , and from the experimentally determined topology of ChbC from E. coli 26 . This assignment is also consistent with the location of the termini determined experimentally in other members of the Glc superfamily 6, [27] [28] [29] . When viewed from within the membrane with the extracellular side on the top, the dimer is roughly 50 Å thick along the two-fold axis and has the shape of a capsized canoe, with a concave surface facing the intracellular side (Fig. 1d, e) . b-Hairpins from each protomer protrude an extra 20 Å into the extracellular space, although the hairpins mediate a key crystal contact and may be perturbed slightly from their native conformation (Supplementary Fig. 6 ). When the dimer is viewed looking down the two-fold axis from the intracellular side, the two dimensions of the concave surface are ,60 Å and 100 Å (Fig. 1f, g ). Stereo views of the ChbC dimer in three orientations are shown in Supplementary Fig. 5 .
The extensive dimer interface is formed primarily by the N-terminal half of ChbC: TM1, 2, 3 and 5 from each protomer line the interface with a buried surface area of 2,746 Å 2 per protomer ( Fig. 1h and Supplementary Fig. 7 ). The long loop between TM4 and 5 also contributes to the interface by extending along the cytoplasmic face of the neighbouring subunit (Fig. 1i) . This large and mostly hydrophobic interface is expected because EIICs are known to function as dimers in the membrane [20] [21] [22] [23] [24] . An extensive dimer interface was also observed in an electron microscopy projection map of a Glc family EIIC that transports mannitol 30 , indicating that this feature is conserved among subfamilies of the Glc family transporters.
Substrate-binding site
The C-terminal half of each protomer (TM6-10) contains a deep, electronegative cleft on its intracellular side (Fig. 2a) . Although the cleft is located on the intracellular face of each protomer, it is not solvent-exposed because part of TM5 and the preceding TM4-5 loop from the neighbouring protomer extend beneath it (Fig. 1i) . This cleft is lined partly by the re-entrant hairpin loops HP1 and HP2. HP1 harbours the glutamate residue (Glu 334) in the Glc family conserved motif, which is NINEP in this ChbC (Supplementary Fig. 1 ). The tips of HP1 and HP2 meet in the middle of the membrane (Fig. 2b and Supplementary Fig. 8a ). The arrangement of these two loops is strongly reminiscent of two re-entrant hairpins in the otherwise dissimilar structure of the glutamate transporter Glt Ph 31 . A large non-protein electron density is present in the deep cleft (Fig. 2b) , and although we cannot unambiguously determine its identity owing to the modest resolution of the data set, this electron density is consistent with the size and shape of a (GlcNAc) 2 molecule. The shape of the ligand density allows for two orientations of (GlcNAc) 2 , with the non-reducing sugar either closer to or farther away from the intracellular side (Supplementary Fig. 9 ). It is known that E. coli ChbC phosphorylates (GlcNAc) 2 on the sixth position hydroxyl of the nonreducing sugar (C6-OH) 19 . If (GlcNAc) 2 were oriented with its nonreducing sugar ring closer to the intracellular side ( Fig. 2c and Supplementary Fig. 9a ), the C6-OH would be accessible for phosphorylation. This orientation would also place the C6-OH within hydrogen-bonding distance of the conserved residues Glu 334 and His 250, whose importance for sugar binding and phosphorylation has been demonstrated in an EIIC that transports mannitol 16, 17, [32] [33] [34] . In contrast, the alternative orientation would position the C6-OH in the protein interior ( Supplementary Fig. 9b ) where it would not seem accessible for the required phosphorylation. In light of these observations, we deemed the former orientation to be more plausible and used it in the final model. After refinement, the hydroxyl oxygen of C6-OH is 2.6-2.8 Å from the carboxylate of Glu 334 on HP1, and 2.7-3.1 Å from the e-nitrogen on His 250, which is part of the loop between TM6-7 ( Fig. 2c and Supplementary Fig. 8b ). We speculate that Glu 334, His 250 and the C6-OH may form part of an active site where transfer of a phosphate group from EIIB takes place, although the precise mechanism of catalysis is currently unknown.
Although the substrate selectivity of ChbC has not been measured systematically, it appears that the binding pocket is well suited for (GlcNAc) 2 . In addition to Glu 334 and His 250, the side chains of conserved Trp 245 from TM7, Asp 290 from TM8a and Asn 333 from HP1 are able to form hydrogen bonds with the (GlcNAc) 2 when it is modelled in the orientation shown in Fig. 2c . Trp 382 from HP2 provides stacking interactions with the ring of the reducing sugar. In addition, the acetamide group on the non-reducing sugar makes two interactions with the protein: the backbone carbonyl oxygen atom of Gly 297 from the conserved TM8 loop makes a hydrogen bond with the nitrogen atom, and the aromatic ring of Tyr 294, which is also from the TM8 loop, is ,3.5 Å from the methyl group. When a glucose is modelled in the binding site by aligning it with the non-reducing sugar of (GlcNAc) 2 , the interactions between the acetamide group on (GlcNAc) 2 and residues Trp 245 and Tyr 294 are both missing, suggesting that these two interactions are important for sugar selectivity (Fig. 1b) . Curiously, the substrate-binding cavity is substantially larger than necessary to accommodate a (GlcNAc) 2 molecule (Fig. 2a) . In E. coli, ChbC was shown to also transport the trisaccharide of GlcNAc 19 , and the large size of this cavity indicates that B. cereus ChbC is able to accommodate a trisaccharide as well.
Implications for mechanism of transport
In the observed conformation, the binding pocket for (GlcNAc) 2 faces the cytoplasmic side, but the bound (GlcNAc) 2 cannot diffuse to either 
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side of the membrane without changes in protein conformation. The crystal structure therefore probably corresponds to what is referred to as the occluded state in the terminology of the alternating access model proposed for sodium-coupled secondary transporters [35] [36] [37] [38] . In this framework, the full transport cycle should include at minimum two additional states: an outward-open state capable of binding substrate from the periplasm, and an inward-open state that interacts with EIIB to phosphorylate and release the substrate into the cytoplasm. On the basis of the known structure, we will briefly speculate on possible conformational changes leading to the other states.
The substrate-binding cavity is sealed off to the intracellular side by residues in the loop between TM4 and 5 from the neighbouring protomer (Fig. 3a) . The TM4-5 loop has little interaction with the rest of the protein and could potentially be moved away to expose the bound substrate by straightening a kink near the N terminus of TM5 (Fig. 3a and Supplementary Fig. 10) . Therefore, the TM4-5 loop seems a reasonable candidate for the intracellular gate. Once the substrate is released the strong electronegativity of the binding cavity (Fig. 2a) may assist in preventing the phosphorylated sugar from rebinding to the transporter and effluxing from the cell. Although it is impossible to determine from the crystal structure alone, the involvement of structural features from both protomers in forming the binding site, along with the considerable size of the dimer interface, raises the interesting possibility that binding or release of substrate may be cooperative. Further functional and structural studies, and in particular the structure of ChbC in complex with its corresponding EIIB ChbB in the phosphorylated state, will be necessary to reveal the nature and sequence of the conformational changes leading to phosphorylation and release of the bound carbohydrate.
Because the substrate-binding site is located nearer to the cytoplasmic side of the membrane, it would require a more substantial conformational change to form the outward-open state. However, similarities between ChbC and the unrelated transporter Glt Ph provide one possible clue. In that transporter, a rigid-body motion of a transport domain containing the substrate-binding pocket relative to an immobile oligomerization domain is responsible for conversion between the outward and inward-facing states. The oppositely oriented re-entrant loops on the transport domain form both the substrate-binding site and the moving interface with the oligomerization domain 37 . The parallels between the architecture of the transport domain in Glt Ph and the C-terminal region of ChbC containing HP1, HP2 and TM8-10 raise the intriguing possibility that a similar rigidbody motion in ChbC could be responsible for converting the inwardoccluded state observed in the crystal structure to an outward-open state with an exposed binding site for external sugar (Fig. 3b and Supplementary Fig. 10 ). This large motion would be facilitated by the generous length of the 12-residue extracellular loop between TM7 and TM8. Further structural studies will be necessary to resolve the nature of the outward-facing state, possibly with apo-ChbC, which probably favours a conformation capable of binding periplasmic substrate.
METHODS SUMMARY
B. cereus ChbC was cloned into a modified pET plasmid (Novagen) with a C-terminal polyhistidine tag connected by a TEV protease recognition site 39 . The chbC gene was overexpressed in BL21(DE3) cells and the protein purified on an IMAC column. After cleavage of the tag by TEV protease, the protein was then exchanged into buffer containing 150 mM NaCl, 20 mM HEPES, pH 7.5, 5 mM b-mercaptoethanol and 12 mM n-nonyl-b-D-maltoside, and concentrated to 6 mg ml 21 . Crystals in the P4 3 2 1 2 space group were grown by the sitting-drop method in solution containing 4 mM N,N9-diacetylchitobiose, 30% polyethyleneglycol (PEG) 400, 100 mM Li 2 SO 4 , 0.5% polyvinylpyrrolidone, and 100 mM sodium citrate, pH 5.6. Diffraction data were collected and phased by the single-wavelength anomalous dispersion (SAD) method using Ta 6 Br 12 -derivatized P4 3 2 1 2 crystals. Experimental phases were obtained to 4.5 Å and improved by solvent flattening and averaging, and iterative rounds of model building and refinement were then carried out to obtain the final model.
For the functional assays, ChbC was reconstituted in liposomes following a method described for a K 1 channel 40 . Uptake of 14 C-GlcNAc (45 Ci mmol
21
; Moravek) was measured in buffer containing 100 mM potassium phosphate, pH 7.5 for varying periods of time. The reactions were quenched with ice-cold buffer containing 100 mM potassium phosphate, pH 6.0 and 100 mM LiCl, and immediately filtered through GF/F filters (Advantec MFS). GlcNAc uptake was quantified by comparing scintillation counts of the filters with standard curves from known amounts of 14 C-GlcNAc. Supplementary Information is linked to the online version of the paper at www.nature.com/nature.
